Introduction 1 2
In 2010, lithium salts were introduced as possible alternative to chromates as 3 leachable corrosion inhibitor from organic coatings by Visser and Hayes (1) . It was 4
found that organic coatings loaded with lithium salts demonstrated effective corrosion 5 inhibition in a defect under neutral salt spray (NSS) conditions. Further investigations 6 revealed that under NSS corrosive conditions lithium salts leached from the organic 7 coating into an artificial defect and increased the pH in the defect to values between 9 8 and 10(2). Under these alkaline conditions a hydrated aluminum oxide layer is formed 9 in the defect area with a final thickness of 0.5-1.5 µm after 168 h NSS exposure. The 10 protective layer has a typical physical morphology consisting of a dense barrier layer 11 at the aluminum interface, a porous middle layer and a columnar outer layer(3). NSS 12 testing according to aerospace standards demonstrated that this protective layer 13 provides long-term corrosion protection comparable with chromate based inhibitor 14 technology(4). X-ray photoelectron spectroscopy (XPS) indicated that the formed 15 layers have the characteristics of a hydrated aluminum oxide like 16 (pseudo)boehmite(2). 17
Protective aluminum oxide/hydroxide layers have been of interest since the late 18 1950s. It was reported at that time that the native aluminum oxide film is hydrated to 19 form pseudoboehmite and boehmite upon immersion in water at elevated 20 temperatures (5) . Alwit and Kudo(6, 7) studied the formation of these pseudoboehmite 21 layers at 50-100°C and prepared TEM cross-sections demonstrating a duplex structure 22 with a dense inner layer and a porous outer layer. Buchheit and demonstrated good corrosion protection on several aluminum alloys. Such 25 conversion coatings showed clearly a two-layer morphology comprising a thinamorphous inner layer and an outer crystalized hydrotalcite layer(9). Din et. al. 1
In the aerospace industry, the active protective properties of coatings are tested by 1 means of neutral salt spray (NSS) exposure according to ASTM B-117(15). Prior to 2 exposure, an artificial defect is made through the coating into the metal and the degree 3 of corrosion is assessed after various periods of exposure. in a large amount of voluminous corrosion products in the scribe after 48 and 168 h of 10 exposure ( Fig. 1c and d) . In contrast to the coating without corrosion inhibitor, both 11 model coating formulations, loaded with lithium carbonate (Fig. 1e-h ) and lithium 12 oxalate ( Fig. 1i-l) as leachable corrosion inhibitor, showed no corrosion products in 13 the scribed area after 168 h of NSS exposure. This demonstrates the effective active 14 protective properties of these lithium-based inhibitor loaded coatings. Fig. 2 shows 15 micrographs of cross-sections of defect areas before and after NSS exposure. Fig. 2a  16 shows the general overview of the cross-sectional edge region of the defect prior to 17 exposure. Fig. 2b shows the typical surface of the unexposed scribe bottom . Fig 2c  18 shows the cross-sectional edge region of the defect in case lithium-leaching coatings 19 are applied and exposed to NSS after 168 h of exposure. The cross-sectional 20 micrographs of a coating defect of a lithium oxalate loaded coating covered samples 21 confirm the absence of corrosion and reveal the protective layer that was formed 22 throughout the scribed area. Fig 2d shows the typical morphology of the hydrated 23 aluminum oxide layer that is formed from this lithium oxalate loaded coating covered 24 sample under these corrosive conditions(3). The layer covers the entire surface of thedamaged alloy. This characteristic layer is formed rapidly from the lithium-leaching 1 coating technology and protects the damaged area effectively. To study the formation and the characteristics of the protective layer in the defect area 6 over time, ion-milled cross-sections of lithium carbonate and lithium oxalate loaded 7 coatings were analyzed after 2, 8, 48, and 168 h of NSS exposure. Fig. 3 shows cross-8 sectional micrographs of the protective layer during its formation over this period of 9 time. The micrographs show that after 2 h NSS exposure a layer of 0.3 to 0.5 µm has 10 been formed on the aluminum surface of the scribe. (Fig. 3 a,e) . The layer has a dense 11 morphology at the aluminum metal/oxide interface of ~ 0.1 µm and a more porous 12 morphology at the outer surface. As result of longer exposure, the layer develops in 13 thickness and morphology on the outer side. After 8 to 48 h of exposure, the layer 14 thickness varies between 0.6-0.8 µm and both the lithium carbonate and lithium 15 oxalate loaded samples shows the development of a columnar structure at the outer 16 surface and maintaining a dense layer at the aluminum interface (~0.1 µm) ( inner layer (~0.1 µm), a porous middle layer and a columnar outer layer as observed 20 in our previous studies (4). It is important to notice that the thickness of the dense 21 inner layer remains similar, ~0.1 µm, for both lithium-leaching coatings for the full 22 exposure time of 168 h. Fig. 4 shows the quantitative development of the thickness of 23 the layer derived from the micrographs of the cross-sections. It can be noted that after 24 coating are thicker compared to the layers generated from the lithium carbonate 1 loaded coatings. This can be explained by the lower initial pH in the defect area of the 2 lithium oxalate coatings as observed by local pH measurements in previous work(2). 3
The development of the aluminum hydroxide gel layer is a result of the competitive 4 film formation process of chemical dissolution at aluminum hydroxide gel/solution 5 interface and film growth at the metal/ aluminum hydroxide gel interface. This in line 6
with the results of Hurlen and Haug, who observed that thickness of the layer is 7 related to the pH of the solution. A higher pH accelerates the chemical dissolution at 8 the aluminum hydroxide gel/solution interface resulting in thinner layers (16, 17) . 9
The results confirm the previously proposed multistep-process to comprise 10 basically 4 steps(2): oxide thinning, anodic dissolution, formation of an aluminum 11 hydroxide gel layer, and finally the aging of this gel into a hydrated aluminum 12 oxide(17, 18). The cross-sections revealed the formation of the protective aluminum 13 hydroxide gel on the alloy in the early stages, followed by the ageing process 14 resulting in the characteristic three-layered morphology of the protective layer with a 15 dense layer at the aluminum interface, a porous transition layer in the middle and a 16 columnar morphology at the top. 17 
EIS measurements 21
The electrochemical characteristics of the layers formed in a defect from coatings 22 with and without lithium-leaching compounds were measured by EIS. Fig. 5 shows 23 the Bode plots of the coatings with and without lithium-leaching compounds after 168 24 h NSS exposure. A non-exposed reference sample was measured to show the initialstate of the scribe (damaged area) representing the alloy with a native oxide. After 1 exposure to the corrosive NSS conditions, the Bode plots of the impedance modulus 2 (Fig. 5a ) of both lithium-leaching coatings show an increase of impedance values in 3 the middle frequency (10 1 -10 3 Hz) and low frequency (10 -1 -10 -2 Hz) ranges compared 4 to the unexposed sample and the sample without inhibitor. This increase of the 5 impedance modulus in the middle frequency range can be associated with the 6 formation of an (oxide) layer in the damaged area(19). The increase of the impedance 7 indicates that the electrochemical characteristics can be linked with the formation of 21 the protective layer as observed in the FESEM cross sections (Fig. 3 ) 22
The EIS spectra of these measurements were fitted with equivalent circuits (ECs) to 23 quantitatively describe the electrochemical properties of the generated layers in thedefect during the formation(22). Fig. 7 shows the two equivalent circuit models used 1 to fit the data from the EIS measurements. EC1, a two time-constant circuit, was used 2 to describe the effect in the defect of a damaged coating without inhibitor prior and 3 after NSS exposure. R sol represents the resistance of the electrolyte; R oxide is the 4 resistance of the (native) oxide layer and the CPE oxide is the constant phase element 5 (CPE) describing the capacitance of the oxide layer using parameters Q oxide and n oxide , 6 the electrochemical processes at the aluminum interface are represented by R pol and 7 CPE dl . R pol is the polarization resistance and CPE dl is accounting for the double layer 8 capacitance. CPE's are commonly used to describe the frequency dependence of 9 elements with a non-ideal capacitive behavior(23). In this work, CPE is used to 10 account for the dispersive behavior of the time-constants due to the non-uniformity of 11 the layers generated in the defect(2, 12). The results for the coating without inhibitor (Table 2) showed an initial decrease 3 of R oxide followed by a gradual increase. This behavior could indicate the process of 4 oxide thinning followed by the precipitation of the corrosion products in the defect 5 area. Table 3 and 4 show the fitting results of the lithium-leaching coatings. The most 6 important observation from these data is the significant increase of R oxide and R pol 7 over time for both coatings related to the generation of a dense oxide layer at the 8 aluminum interface. R oxide increases by a factor 7 and 10 for the lithium carbonate and 9 lithium oxalate loaded coatings respectively. In addition, the polarization resistance 10 increased by a factor 20 for the lithium carbonate loaded coating and a factor 10 for 11 the lithium oxalate loaded coating compared to the native oxide and the coating 12 without inhibitor. 13
For further analysis and comparison, the equivalent capacitance of the different 14 elements in the equivalent circuit was calculated using the CPE parameters (Q and n) 15 and the resistance corresponding to each time-constant using the equation: 16
This is equation is applicable to a normal time-constant distribution through a surface 18 layer according to Hirschorn et al.(24) . The resistance and capacitance of the dense 19 oxide layer (R oxide a n d C oxide ) and the metal/oxide interface (R pol an d C dl) ) was 20 calculated from at least 3 replicate measurements. Fig. 8 shows the evolution and 21 scatter of the resistance and capacitance of the oxide layer and the metal/oxide 22 interface as a function of NSS exposure time. Fig. 8a shows that resistance of the 23 oxide (R oxide ) increased over time due to the formation of the dense layer from the 24 lithium-leaching coatings. Whereas the defect area has a R oxide of about 3.7 kΩ cm 2 before NSS exposure, the resistance almost tripled after only 2 h NSS exposure. Over 1 prolonged exposure, R oxide shows a gradual increase to values of 25-30 kΩ cm 2 after 2 168 h (Fig. 8a) . At the same time, the capacitance of the formed dense layer (C oxide (Fig. 8c) .
resistance of the oxide (R oxide ) of the coating without inhibitor remains at a level of 5 9 to 9 kΩ cm 2 . In addition, the oxide capacitance of the coating without inhibitor is 10 increasing rapidly indicating degradation of the oxide layer (inset Fig. 8c ). The 11 corrosion activity at the substrate can be characterized by the time-constant consisting 12 of the polarization resistance (R pol ) and the double layer capacitance (C dl ). Fig. 8b and  13 d show the evolution of the R pol and C dl during the formation of the protective layer in 14 the defect. Compared to the defect prior to NSS exposure, both lithium-leaching 15 coatings show increasing polarization resistance (Fig. 8b) and decreasing double layer 16 capacitance (Fig. 8d) The inhibition efficiency (IE) of the generated layers in the defect was calculated 1 from the impedance data at the various intervals using the following equation(25, 26): 2
where R pol(lithium) represents the polarization resistance of the protective layer 5 generated from a lithium-leaching coating and R pol(no inhibitor) represents the polarization 6 resistance in the defect from a coating without inhibitor after the same NSS exposure 7 time. The inhibiting efficiency of the layers generated in a defect area from lithium 8 leaching coatings are shown in Fig. 9 . The inhibition efficiency of the lithium 9 carbonate loaded coating demonstrates an inhibiting efficiency of around 80% after 10 only 2 hours which develops further up to 95% after 48 h and remains at a similar 11 level upon longer exposure. The inhibition efficiency of the protective layer from the 12 lithium oxalate loaded coating develops faster in the first hours this can be related to 13 the faster layer thickness development of these lithium oxalate loaded coatings in Fig.  14 
The development of the inhibition efficiency confirms the fast and effective 15
inhibition provided by protective layers generated in the defect area. 16 technique. This technique provides the opportunity to perform potentiodynamic 5 polarization measurements on the formed layer on a local area in the defect, using a 6 micro-capillary. The micro-cell technique was used to correlate the local passivity 7 (breakdown potential) of the protective layer with the morphology of the layer as 8 observed with the SEM. Fig. 11 shows the anodic polarization curves of the protective 9 layer generated in the scribe of the lithium-leaching coatings after different periods of 10 neutral salt spray exposure. Cathodic polarization measurements were not considered 11 since their interpretation can be misleading(27). The silicone gasket at the end of the 12 micro-capillary is permeable to oxygen. This enables the diffusion of oxygen through 13 the gasket, and may increase the oxygen reduction reaction and mask any diffusion 14 control. Fig. 11a and b show that the polarization curve of the unexposed samples 15
show that the native oxide has a breakdown potential of about + 0.15 V from the 16 OCP. In contrast to this, the lithium-leaching coatings show a large passivity region 17 with a shift of the breakdown potential to significantly more positive values. In Fig.  18 11a, the lithium carbonate loaded coating shows a shift of the breakdown potential to 19 values from +0.9 up to +1.6 V. These values are already achieved after 2 h exposure 20 and fluctuate over time. The same behavior is observed for the lithium oxalate loaded 21 coatings (Fig. 11b) . For this system the anodic passive range even exceeds +2.5 V 22 f r o m t h e O C P a f t e r 1 6 8 h e x p o s u r e . T a b l e 5 l i s t s t h e a v e r a g e c o r r o s i o n a n d 23 breakdown potentials for the lithium-loaded coatings systems before and after 24 exposure. It can be noted that there is some scatter for the corrosion potential and 25 breakdown potential. This scatter in electrochemical behavior measured with the local 1 micro-cell technique can be related to the heterogeneous nature of both the aluminum 2 alloy and the oxide layer as also observed by others in previous works(12, 28). For 3 both lithium-leaching coatings, the polarization curves of the neutral salt spray 4 exposed samples exhibit a large passive behavior compared to the unexposed scribe. 5
However, in the case of the lithium oxalate loaded coatings, a more gradual increase 6 in the average breakdown potential is observed, ranging from +0.4 V after 2 h 7 exposure, and increasing to +0.9, +1.3 and +2.3 V versus OCP after 8, 48 and 168 h, 8
respectively. This can indicate that the protective nature of the layer develops more 9 gradually compared to the lithium carbonate loaded coating. 10
From these micro-cell measurements, we can conclude that the protective layers 11 are formed quickly and they have a good stability and polarization resistance as 12
shown by the passive anodic behavior and the increased breakdown potential. These 13 results correspond rather well with the FESEM and EIS results, previously discussed. It is essential that the generated protective layer has an irreversible nature and 21 provides long term corrosion protection once formed. The Scanning Vibrating 22
Electrode Technique (SVET) has been used to investigate the long-term resistance to 23 electrochemical degradation of the generated protective layer in the defect. The SVET 24 enables to monitor in situ the distribution and magnitude of local ionic currents overan electrochemically active surface with μm-scale resolution within a mm-sized 1 sample area. Fig. 12 shows the SVET maps and the corresponding optical images of 2 the defects of the three systems: unexposed coating without inhibitor and the lithium-3 leaching coatings after 168 hours of exposure to NSS conditions. A sequence of 4 SVET maps was obtained for each system at different immersion times in NaCl 5
solution. Fig. 12a shows SVET maps corresponding to the unexposed coating without 6 inhibitor. After initiation of the immersion, the map shows low current density values 7 below 10 µA·cm 2 and no clear evidences of corrosion activity. Optical image of the 8 sample showed a pristine surface. After 24 h, local activity is observed in the SVET 9 map. A localized anodic region was detected with maximum current density values 10 of about 50 µA·cm 2 . Cathodic regions were observed next and close to the anodic 11 area, with maximum current density values of around -50 µA·cm 2 . This activity is 12 also confirmed by the optical image of the sample that showed indications of 13 corrosion in the defect. After 7 days, SVET measurements were not possible due to 14 the presence of voluminous corrosion products in the defect area. In the case of the 15 lithium-leaching coatings, both, the lithium carbonate (Fig. 12b) as well as the lithium 16 oxalate (Fig. 12c) systems showed SVET maps with very low anodic and cathodic 17 current densities (less than 10 µA·cm 2 ) up to 14 days exposure to the electrolyte. 18
Furthermore, no corrosion products or pits are being formed in the defect area over 19 time. In addition to the fast and effective formation of the protective layer in the 20 defect, these SVET results demonstrate the irreversible nature of the corrosion 21 resistance provided the hydrated aluminum oxide layer which is essential to ensure 22 long-term corrosion protection. 23 24
Corrosion inhibition mechanism with lithium-leaching coatings
The results demonstrate that the corrosion inhibiting mechanism of these lithium-1 leaching coatings is fundamentally different compared to previously studied corrosion 2 inhibitors. Corrosion inhibitors such as vanadates, cerium compounds, and organic 3 inhibitors are known to inhibit by precipitation on the heterogeneous surface 4 microstructure of AA2024-T3, hence preventing high microgalvanic activity(29-33). 5
The inhibition mechanism of the lithium-leaching coatings differentiates itself from 6 other inhibitor technologies by the spontaneous conversion of the surface of a 7 damaged area with a relatively thick and stable hydrated aluminum oxide layer. 8
Although thicker and different in nature, the behavior of these protective layers is 9 comparable to an anodic oxide layer or layers generated by chemically assisted 10 hydrothermal sealing(22, 34). Oxides generated by these treatments also cover the 11 entire aluminum interface with a duplex layer consisting of a dense inner barrier layer 12 and porous outer layer but these are generally prepared in well-controlled solutions 13 and need a considerable amount of energy(19, 35). There is no clear difference 14 between the protective properties of the layers generated from the two different 15 lithium-salts. Although, electrochemical and microscopy results indicate that the 16 layers generated from the lithium oxalate loaded coatings are forming faster compared 17 to the lithium carbonate loaded coating. However, there is not a significance 18 difference in corrosion protection between the layers generated from both salts. These 19 r e s ul ts c om b i n e d wi th th e p r e v i ou s r e s ul ts on th e m or p h ol ogy of th e l ay e rs ( 3 ) , 20 leaching behavior and pH development(2) provide more understanding about the 21 processes during development and characteristics of the protective properties of 22 these layers generated in the defect from lithium-leaching organic coatings. It must be 23 noted that, due to the nature of the NSS exposure test, these experiments did not 24 provide exact information about the lithium concentration needed to obtain thisdegree of corrosion protection. More research is needed to investigate the role of 1 lithium in this corrosion inhibiting mechanism in more detail. 2 3
Conclusions 4
The electrochemical characteristics of the corrosion protective layers generated in a 5 coating defect from lithium-leaching coatings on AA2024-T3 aluminum alloys when 6 exposed to neutral salt spray conditions over time were studied. The electrochemical 7
properties were linked with the physical properties of the protective properties using 8 microscopy and (local) electrochemical techniques. Effective corrosion inhibition 9 from these lithium-leaching coatings was observed after NSS exposure. 
